Acute allograft rejection is mediated by host CD8 + cytotoxic T lymphocytes (CTL) targeting graft class I major histocompatibility complex (MHC) molecules. In experimental rodent models, rejection requires differentiation of naive CD8 + T cells into alloreactive CTL within secondary lymphoid organs, whereas in humans, CTL may alternatively develop within the graft from circulating CD8 + effector memory T cells (T EM ) that recognize class I MHC molecules on graft endothelial cells (EC). This latter pathway is poorly understood. Here, we show that host CD4 + T EM , activated by EC class II MHC molecules, provide critical help for this process. First, blocking HLA-DR on EC lining human artery grafts in immunodeficient mice reduces CD8 + CTL development within and acute rejection of the artery by adoptively transferred allogeneic human lymphocytes. Second, siRNA knockdown or CRISPR/Cas9 ablation of class II MHC molecules on EC prevents CD4 + T EM from helping CD8 + T EM to develop into CTL in vitro. Finally, implanted synthetic microvessels, formed from CRISPR/Cas9-modified EC lacking class II MHC molecules, are significantly protected from CD8 + T cell-mediated destruction in vivo. We conclude that human CD8 + T EM -mediated rejection targeting graft EC class I MHC molecules requires help from CD4 + T EM cells activated by recognition of class II MHC molecules.
Introduction
Solid organ transplantation is the most effective therapy for end-stage organ failure of the heart, liver, kidneys, and lungs (1, 2), but despite advances in clinical management, acute allograft rejection remains a major cause of early graft loss (3) . This process is principally mediated by host T cells that directly recognize nonself allelic forms of class I and class II major histocompatibility complex (MHC) molecules expressed by graft cells (4, 5) . A high frequency (>1%) of host T cells, selected to recognize microbial peptides bound to self-allelic forms of MHC molecules, cross-react against nonself (graft) MHC molecules associated with many different peptides, although different T cell clones respond to different allogeneic donors (6) . As a result of prior infections, a large percentage (>50%) of T cells circulating in adult humans are memory T cells, and because the allogeneic response is a cross-reaction of T cells that recognize microbial peptides, a comparably high percentage of the circulating memory T cell population is alloreactive (6) . Furthermore, the pretransplant frequency of alloantigen-reactive memory, but not naive T lymphocytes, correlates with both the severity and frequency of acute rejection episodes (7) , suggesting that acute graft rejection in adult humans may in fact be a memory response.
The actual process of acute graft rejection in humans correlates with and is probably mediated by infiltrating host CD8 + cytotoxic T lymphocytes (CTL) that recognize nonself class I MHC molecules and express transcripts encoding perforin, granzyme B, and IFN-γ (5). In typical rodent transplant models, alloreactive CTL arise solely from naive CD8 + T cells that differentiate within the secondary lymphoid organs where they encounter donor-derived professional antigen presenting cells (APCs), more specifically DC that have migrated from the graft (passenger leukocytes) (6) . Host CD4 + T cells, also activated by the same graft DC within the secondary lymphoid organs, may provide help for the activation of naive CD8 + T cells. A need for CD4 + T cell help is established in certain rodent models (8) , but there are exceptions that lead to different conclusions as to the nature of help in different CD8 + T cell-mediated immunopathologies. For example, CTL-mediated graft rejection of pancreatic islet allografts from BALB/c recipients require CD4 + T cells for rejection, whereas C57BL/6 recipients may still reject after CD4 + T cells have been depleted (9) . Furthermore, sterile allografts such as heart, kidneys, or liver may also differ from organs that are colonized with commensal microorganisms, such as the skin, bowel or lungs, as microbes present in Acute allograft rejection is mediated by host CD8 + cytotoxic T lymphocytes (CTL) targeting graft class I major histocompatibility complex (MHC) molecules. In experimental rodent models, rejection requires differentiation of naive CD8 + T cells into alloreactive CTL within secondary lymphoid organs, whereas in humans, CTL may alternatively develop within the graft from circulating CD8 + effector memory T cells (T EM ) that recognize class I MHC molecules on graft endothelial cells (EC). This latter pathway is poorly understood. Here, we show that host CD4 + T EM , activated by EC class II MHC molecules, provide critical help for this process. First, blocking HLA-DR on EC lining human artery grafts in immunodeficient mice reduces CD8 + CTL development within and acute rejection of the artery by adoptively transferred allogeneic human lymphocytes. Second, siRNA knockdown or CRISPR/Cas9 ablation of class II MHC molecules on EC prevents CD4 + T EM from helping CD8 + T EM to develop into CTL in vitro. Finally, implanted synthetic microvessels, formed from CRISPR/Cas9-modified EC lacking class II MHC molecules, are significantly protected from CD8 + T cell-mediated destruction in vivo. We conclude that human CD8 + T EM -mediated rejection targeting graft EC class I MHC molecules requires help from CD4 + T EM cells activated by recognition of class II MHC molecules.
the latter group of organs may license graft DC to better activate host CD8 + T cells, reducing the need for CD4 + T cell help (8) .
In contrast to most laboratory rodents, adult humans have a subset of alloreactive circulating CD8 + memory T cells, called CD8 + effector memory T cells (T EM ), that can home directly into allografts, bypassing secondary lymphoid organs, and that can mature into CTL within the graft. The conditions required for human CD8 + T EM conversion to CTL is not completely understood, especially in vivo, and may significantly differ from the processes that have been studied for differentiation of naive T cells. It is known that memory T cells in general have activation requirements that differ from naive T cells such that they do not require professional APCs, and they can often be refractory to conventional immune suppressants that potently affect naive T cells (10) (11) (12) . These important differences are thought to contribute to the failure of rodent models to predict the efficacy of therapeutic interventions in human transplantation.
If development into CTL occurs within the graft, the question arises as to which types of graft cells stimulate this process. In human grafts, endothelial cells (EC) that line the vasculature of the organ are primary cellular targets of acute rejection responses (10, 13, 14) . Furthermore, both in vitro and in vivo human EC effectively activate allogeneic T EM to proliferate and produce cytokines (15) . This capacity of human EC is thought to explain why depletion of professional APC from a human graft prior to transplantation and treatment with fingolimod, a drug that traps differentiating effector T cells in secondary lymphoid organs, fail to fully prevent human transplant rejection (16, 17) . The response of circulating human T EM to human graft EC is an alternative initiator of acute rejection in the clinical setting that does not occur in commonly studied rodent models. However, while recognition of alloantigen and costimulator molecules on allogeneic human EC can activate isolated CD8 + T EM to secrete effector cytokines and undergo a limited degree of replication in vitro, such cultures are insufficient to induce CTL development without provision of exogenous IL-2 (10, (18) (19) (20) . Activated CD4 + T cells are a possible endogenous source of IL-2 or other signals that can complement those provided by allogeneic EC.
The roles of T EM and of graft EC are difficult to study in humans in vivo but may be successfully modeled in humanized mice. Rejection of human skin grafts by adoptively transferred human T cells in such mice can be mediated by T EM lymphocytes but not central memory or naive T cell subsets (15) . Adoptive transfer of purified CD8 + T cells into mouse hosts has been unsuccessful, so it is unclear what roles are performed by CD4 + T EM in this humanized mouse model (21) . Human but not rodent EC have a capacity to activate effector CD4 + T cell responses (22) , and these cells, in addition to promoting engraftment, could provide help for the conversion of CD8 + T EM into CTL. Human artery segments interposed into the infrarenal aortae of immunodeficient mice also can be rejected by adoptively transferred human T cells from a donor allogeneic to the source of the artery segment (23) (24) (25) (26) (27) , providing a simple model system for studying human T cell-EC interactions in vivo. Unlike skin grafts, these transplanted arteries do not contain any detectable leukocytes by 3-7 days after transplantation, and luminal EC are the only cells that display significant levels of both class I and II MHC molecules. Thus, initiation of rejection in this model can be attributed to recognition of allogeneic EC, supporting the conclusion that graft EC can initiate cell-mediated vascular rejection (intimal arteritis) in the absence of graft DC (28) .
Based on these observations, we make two important predictions of clinical relevance. First, if CD4 + T EM are required to provide help that drives expansion of alloreactive CD8 + T EM to effector CTL, then blocking activation of CD4 + T EM should limit this process and reduce the severity of rejection. Second, if graft EC are a primary activator of host CD4 + T EM , then reducing recognition of class II MHC molecules expressed by EC should result in reduced rejection by CD8 + CTL, even though CTL identify their targets by recognition of class I MHC. In this study, we use humanized mouse models as well as cell culture systems to test both of these propositions.
Results

MHC class II blockade reduces allogeneic T cell-mediated injury and CD8
+ CTL-associated transcripts in human arterial grafts in vivo. We first investigated the contribution of graft EC expression of class II MHC molecules in our model of human intimal arteritis/endothelialitis. A small segment of human epicardial coronary artery is grafted end-to-end into the infrarenal aorta of an immunodeficient C.B-17 SCID/bg mouse (23) . Subsequent adoptive transfer of human peripheral blood mononuclear cells (PBMC) allogeneic to the artery donor leads to engraftment of circulating CD4 + and CD8 + T lymphocytes, but not neutrophils, monocytes, DC, or natural killer cells (23, 29) . Over the next 3-4 weeks, circulating human T cells infiltrate the intima of the human artery graft and destroy the luminal EC but generally spare the vessel media. We implanted adjacent human coronary artery grafts from the same donor into pairs of mice, following which recipient mice were adoptively transferred with human PBMC allogeneic to the artery donor and given either F(ab)′ 2 fragments of mouse anti-HLA-DRα or of mouse IgG control for 21 days. We selectively targeted HLA-DR because, even though human EC also express HLA-DP and HLA-DQ molecules, HLA-DR is the dominant stimulator of allogeneic T cell responses (30) . Furthermore, we used F(ab)′ 2 fragments because intact anti-HLA-DRα antibody reduced the numbers of human T cells present in the circulation following adoptive transfer, whereas F(ab)′ 2 fragments blocked CD4 + T cell activation by EC in vitro but did not reduce circulating human T cell numbers in vivo (Supplemental Figure 1 , A and B; supplemental material available online with this article; doi:10.1172/jci.insight.85293DS1).
Blocking HLA-DR recognition significantly reduced the intimal area and luminal narrowing and preserved the human EC lining of the graft compared with control F(ab)′ 2 treatment (Figure 1, A and B) . There was also a significant reduction in the total T cell infiltration and cytokine transcripts within the intima of anti-HLA-DRα F(ab)′ 2 -treated animals ( Figure 2, A and B) . Despite the fact that this anti-HLA-DR antibody does not prevent CD8 + T cells from interacting with class I MHC molecules (31) , there was a decrease in perforin and granzyme B transcripts when normalized to a CD8-specific marker ( Figure 2B ), consistent with inhibition of CTL development. Collectively, these data support the conclusion that recognition of class II MHC molecules on the EC in this model promotes acute CTL-mediated rejection, consistent with our hypothesis that activation of CD4 + T EM in response to class II MHC molecules expressed by EC is needed to provide help for development of CD8 + T EM into effector CTL. However, protection was incomplete, perhaps because we only blocked HLA-DR and not HLA-DP and -DQ, which are also expressed by human EC, albeit at lower levels. Furthermore, despite preserving circulating T cell numbers, we also cannot rule out a more subtle effect of the antibody on T cell function. These limitations of antibody-mediated effects led us to explore genetic approaches to human immunology both in vitro and in vivo.
Silencing class II MHC expression in EC directly inhibits CD4 + but not CD8 + T EM responses in vitro. We modeled human CD4 + and CD8 + T EM interactions with EC using mixed EC-lymphocyte reactions in vitro and initially reduced class II MHC molecule expression with an siRNA specific for the class II MHC transactivator (CIITA). Knockdown of CIITA inhibits the IFN-γ-dependent induction of CIITA and blocks transcription at all three class II MHC loci (HLA-DR, -DP, and -DQ) as detected by quantitative PCR (qPCR) ( Figure 3A . These data suggest that changes we had observed within the vessel wall in vivo by anti-HLA-DR antibody are likely due to inhibition of CD4 + T cell recognition of class II MHC on graft EC.
EC-activated CD4 + T EM enhance CD8 + T EM responses to allogeneic EC. To determine if CD4 + T EM activated by EC can provide help for CD8
+ T EM , we examined the effect of adding CD4 + T EM to EC-CD8 + T EM mixed cocultures. The addition of CD4 + T EM enhanced CD8 + T EM proliferation ( Figure 5A ). In the absence of CD4 + T EM , proliferation typically stopped after a single division, whereas the presence of CD4 + T EM promoted additional rounds of division indicated by further dilution of CFSE dye. These differences were not due to changes in TCR engagement of MHC class I alloantigens, as addition of CD4 + T EM did not signifi- cantly change the number of CD8 + T EM cells that initially upregulated CD25, the inducible component of the high-affinity IL-2 receptor and an early activation marker that reflects TCR engagement (Supplemental Figure 3 ). The enhanced proliferation was also not due to increased survival of CD8 + T EM cells, as there was no significant difference in viability at 7 days with or without CD4 + T EM present ( Figure 5B ). To determine if CD4 + T EM enhancement of EC-reactive CD8 + T EM required concomitant activation of CD4 + T EM by the allogeneic EC, we cocultured CD4 + and CD8 + T EM with allogeneic EC that were pretreated with anti-CIITA siRNA to uncouple MHC class II-dependent activation of CD4 + T EM from MHC class I-dependent activation of CD8 + T EM . We observed that the increase in proliferation by CD8 + T EM due to the addition of CD4 + T EM to the cultures was attenuated by pretreatment of the EC with anti-CIITA siRNA ( Figure 5C ). This result implies that CD4 + T EM must first be activated by allogeneic EC before they can help CD8 + T EM . We then further analyzed the phenotype of EC-reactive CD8 + T EM using their dilution of CFSE to separate the reactive (CFSE anisms by which allogeneic EC-activated CD4 + T EM help CD8 + T EM activation and CTL development, including: (i) modifying (licensing) EC to become more immunogenic to CD8 + T EM (e.g., upregulation of EC MHC class I, costimulatory molecules, and/or transpresentation of cytokines such as IL-15); (ii) enhancing CD8 + T EM responses in a contact-dependent manner (e.g., upregulation of CD4 + T cell costimulatory molecules like CD40L facilitating T-T interactions); or (iii) enhancing CD8 + T EM in a contact-independent manner (e.g., CD4
+ T cell paracrine release of IL-2 or other signals). T EM cocultured with EC pretreated anti-CIITA siRNA/IFN-γ, even across a semipermeable membrane, providing evidence for the existence of a soluble "helper" factor ( Figure 6B ). To identify the potential factor(s) responsible for help in this assay, we generated conditioned medium by coculture of CD4 + T EM with EC transduced to express an Fc receptor (FcR; CD32) and overlayed with anti-CD3 mAb, a procedure in which T cells are polyclonally activated in the context of costimulators expressed by human ECs, enhancing the generation of soluble mediators. After 24 hours of primary coculture, conditioned medium from EC-activated CD4 + T EM or control medium was collected and used in EC-CD8 + T EM cocultures. Consistent with the results generated by transwell experiments, activated CD4 + T EM -conditioned medium enhanced proliferation of EC-reactive CD8 + T EM ( Figure 6C ). Since IL-2 is produced by activated CD4 + T EM and has previously been shown to enhance CD8 + responses to allogeneic + T EM (10:1 T cell/EC ratio) (A) but not activation of CD8 + T EM (30:1 T cell/EC ratio) (B), as measured by ELISA at 24 hours for IL-2 and IFN-γ and proliferation by CFSE dilution and flow cytometric analysis at 7 days. Note that the majority of CD8 + T EM have divided only once, whereas CD4 + T EM undergo multiple rounds of proliferation. Similar results were seen in three independent experiments. *P < 0.05, 2-tailed Student's t test. CIITA, class II MHC transactivator; T EM , effector memory T cell; EC, endothelial cells.
EC (18), we tested whether IL-2 contributed to the effects observed with conditioned medium. Removal of IL-2 by immunoabsorption neutralized the effect of the conditioned medium, and addition of IL-2 to the control medium replicated the effect of activated conditioned medium. STAT5 is a transcription factor that is known to control cell cycle progression in effector T cells and is phosphorylated with IL-2-, IL-7-, or IL-15-initiated common γ chain cytokine signaling (37) . We observed phosphorylation of STAT5 in CD25 + but not CD25 -CD8 + T EM with activated conditioned medium, and this response was abrogated with IL-2 immunoabsorption ( Figure 6D ). We then asked if EC-activated CD4 + T EM conditioned medium was Figure 6E ). This response was also largely abrogated with IL-2 immunoabsorption. Similarly, when adapted to a CTL killing assay of allogeneic EC, CD8 + T EM expanded with the same allogeneic EC either in the presence of activated CD4 + T EM conditioned medium or the exogenous IL-2, which both demonstrated significant cytotoxicity ( Figure 6E) .
Genetic ablation of CIITA in synthetic blood vessels limits T cell-mediated destruction in vivo.
We extended our genetic approach to confirm the effects of EC-mediated activation of CD4 + T cells on cell-mediated rejection in vivo. siRNA effects are generally too short-lived and shRNA effects are too incomplete for effective use over the timeframe required to study graft rejection in vivo. Recently, we developed a method to genetically modify untransformed human EC derived from endothelial colony-forming cells (HECFC, also known as human cord blood EC) using CRISPR/Cas9 to specifically ablate CIITA and demonstrated that inactivating mutations in CIITA prevented IFN-γ-induced class II MHC molecule expression, but not class I MHC molecule expression, and reduced allogeneic CD4 + memory T cell responses (38) . Importantly, CIITA null EC otherwise retained phenotypic functions of unmodified cells, including the ability to form synthetic microvascular beds when implanted into C.B-17 SCID/bg mice. We confirmed that CD4 + T EM enhance CD8 + T EM responsiveness to HECFC-derived EC in vitro and that this effect is attenuated by CIITA ablation due to effects on class II MHC molecule expression (Supplemental Figure 5, A and B) , recapitulating the results we had observed with siRNA treatment of human umbilical vein EC (HUVEC).
When synthetic vessels are formed from human EC following implantation into C.B-17 SCID/bg mouse hosts and then challenged with adoptive transfer of human PBMC allogeneic to the EC, the human EC-lined microvessels are largely destroyed over a period of 10 days (39, 40) . Experiments using alloreactive T cell lines generated against cultured human EC suggested that this effect is likely mediated by direct recognition of alloantigen on the EC (39). To determine if this model could be used to quantify CTL-mediated killing using PBMC, we conducted experiments using selective adoptive transfers. In prior studies, we had found that adoptive transfer of CD8 + T cells is inefficient in the absence of CD4 + T cells but that CD4 + T cells readily engraft in the absence of CD8 + T cells (21) . Inoculation of mice with unfractionated PBMC led to the appearance of both human CD4 + and CD8 + T cells in the circulation, whereas PBMC depleted of CD8 + cells prior to adoptive transfer produced a circulating human T cell population consisting wholly of CD4 + T cells (Supplemental Figure 6A) . The absence of CD8 + T cells sharply reduced the destruction of synthetic vessels at 10 days following adoptive transfer, despite similar numbers of circulating human T cells, implying that most of the graft destruction is CD8 + T cell-mediated (Supplemental Figure 6B) . We then engineered synthetic human EC-lined vessels using either unmodified (WT) or CIITA null EC and then adoptively transferred human PBMC allogeneic to the EC to determine if CD4 + T cell activation played any role in this CD8 + T cell response. The destruction of synthetic microvessels formed from CIITA null EC was markedly attenuated compared with WT EC (Figure 7 ). There was still some destruction of microves- null EC form equivalent numbers of vessels (n = 3 each). In the presence of circulating T cells, however, there is a significantly higher loss of perfused vessels formed from WT compared with CIITA null EC (n = 3 each). Scale bar: 100 μm. *P < 0.05, 2-tailed Student's t test. CIITA, class II MHC transactivator; bg, beige; EC,endothelial cells. sels formed from CIITA null EC in the absence of CD8 + T cells (82% ± 20% of control, n = 3 mice), suggesting that some rejection may not involve direct recognition of EC MHC molecules; however, the difference between vessel loss following adoptive transfer of whole or CD8 + -depleted PBMC was ablated (WT: 75% ± 12%, CIITA null : 82% ± 20%, n = 3 mice each), suggesting that in this in vivo model, recognition of allogeneic class II MHC molecules on EC by human CD4 + T cells is once again required for provision of CD4 + T cell help for human CD8 + T cell activation and efficient expansion into CTL. As these animals do not have functional secondary lymphoid organs, this process, as in the human artery graft model, likely takes place within the graft itself.
Discussion
The importance of CD4 + T cell help for generation of CTL in some but not other rodent models of transplantation is well established and primarily involves conversion of alloreactive naive CD8 + T cells into CTL as a result of recognition of graft DC that have migrated from the graft into the host's secondary lymphoid organs (6) . Rejection can usually be prevented by depletion of DC from the graft prior to transplantation (41) or by use of recipients that lack secondary lymphoid organs (42) . In human transplantation, depletion of DC from grafts or treatment of graft recipients with fingolimod can reduce but not prevent rejection (16, 17) . This difference between humans and mice likely arises because adult humans have circulating alloreactive CD8 + T EM that can develop into effector CTL within the allograft itself, likely in response to direct recognition of class I MHC molecules expressed by graft EC and because human EC can effectively recruit and activate T EM . This difference does not mean that activation and differentiation of naive CD8 + T cells into CTL is unimportant in human transplantation but rather that prevention of this process will be insufficient on its own to prevent graft loss. A successful strategy in humans will additionally need to prevent the development of circulating CD8 + T EM into effector CTL that can occur in the graft. The questions addressed by our study are whether human CD4 + T EM are necessary to provide help to CD8 + T EM to promote CTL-mediated graft rejection in vivo and, if so, whether graft EC can sufficiently activate CD4 + T EM in vivo to provide such help.
Previous studies have shown human EC are competent stimulators of memory CD8 + T cells but only promote expansion of alloreactive CTLs when cocultures of purified memory CD8 + T cells with allogeneic EC are supplemented with exogenous IL-2, suggesting that EC alone do not have the capacity to efficiently promote pre-CTL differentiation (18) . In our study, we show that CD4 + T EM can replace the need for exogenous IL-2 but only when they are activated by recognition of class II MHC molecules on the EC. The necessary signal can be found in conditioned medium and appears to be IL-2. One of the measures that we used to follow CTL development was expression of perforin. Interestingly, the majority of freshly isolated CD8 + T EM express perforin but lose expression in culture unless appropriately activated. Furthermore, very few of these perforin-expressing cells show killing of allogeneic cells from a particular donor prior to culture, and only proliferating CD8 + T cells demonstrate allospecific killing, consistent with the idea that alloreactive T cell clones require expansion in order to see killing of specific targets. In this study, we used several systems to show that concomitant activation of CD4 + T EM by recognition of class II MHC molecules on EC could promote EC-reactive CD8 + T EM expansion and CTL development. IL-2 present in medium conditioned by activated CD4 + T EM was critical for this enhancement in vitro, but our data do not preclude the possibility of other soluble or contact-dependent signals contributing to the effects in vivo. Our in vitro studies also raise the question of where might interactions between CD4 + and CD8 + T EM take place in vivo because grafts typically lack the highly specialized organization of the secondary lymphoid organs. In the case of the artery model, infiltrating CD4 + and CD8 + T cells have been observed to form clusters within the intima (25) . It is less clear where this occurs in our synthetic microvessel system as lymphocytic infiltrates are not observed.
The artery model we describe here is best understood as a model of acute cell-mediated vascular rejection. The destruction of luminal EC in this model correlates with the infiltration of CD8 + T cells that express activation and cytolytic markers (e.g., perforin) and recapitulates the features of clinical intimal arteritis (23, 43) . The Banff criteria for scoring rejection in transplanted kidneys classifies the involvement of vessels in acute T cell-mediated rejection as type II (intimal arteritis) or type III (transmural arteritis) (44) . The presence and degree of such vascular lesions is reported to correlate with the degree of steroid-resistant rejection and worse outcomes (45) (46) (47) . These data suggest normal endothelial and vascular function is essential for allograft survival. In these vessel segments, the only cells that express significant and func-tional levels of MHC molecules and costimulators are the EC lining the lumen. As the development of intimal arteritis may be uncoupled from parenchymal cell rejection, our studies are particularly relevant for understanding the pathogenesis of this form of rejection.
The synthetic microvessels we used in our final series of experiments were formed from HECFC. This raises a question as to whether other sources of EC might give alternative results. It has been our experience that cultured human EC from different sources behave very similarly with regard to their ability to stimulate allogeneic T cells and that HECFC are not unique (40) . Moreover, with time, the entire vascular tree of an allograft appears to become a target for the host immune system, consistent with a common pattern of EC interactions.
Our study addressed a second major question with translational implications: if in fact CD4 + T EM are the key cellular players in intimal arteritis, will preventing their activation by blocking recognition of class II MHC molecules on allogeneic EC limit CTL-mediated rejection in vivo? This is the likeliest interpretation of our finding that blockade of HLA-DR recognition by antibody limited molecular and pathological signs of intimal arteritis. We acknowledge that the antibody used does not prevent recognition of HLA-DP or -DQ and could have other effects. To more definitively address the role of EC class II MHC molecules, we also genetically ablated CIITA from HECFC-derived EC by CRISPR/Cas9 genomic editing and used these modified EC to create implantable synthetic microvessels that do not express class II MHC molecules. This allowed us to examine the specific role of class II MHC presentation by EC in driving human acute cell-mediated rejection in vivo in immunodeficient mouse hosts. We showed, through selective adoptive transfers, that ablation of CIITA limits vessel destruction that had a large but not complete dependency on the presence of circulating CD8 + T lymphocytes, suggesting CD4 + T cells not only provide critical help for the CD8 + T cell response but may also directly contribute to EC destruction. The finding that preventing CD8 + T EM from accessing IL-2 elaborated by activated CD4 + T EM results in impaired CTL development reinforces the value of using anti-CD25 induction therapies, which, despite their potential to interfere with Tregs, have been shown to reduce the incidence of acute rejection in kidneys (48) (49) (50) .
Collectively, our results have additional implications for transplantation of allogeneic human grafts. Despite record transplant waitlists, many donated organs are underutilized due to their perceived unsuitability for transplantation. This is because unavoidable nonimmune injuries, such as ischemia reperfusion injury, are thought to cause delayed graft function and accelerate acute rejection due to transient increases in proinflammatory cytokines that shape a pathologic T cell response (51, 52) . Several approaches have shown promise in reducing the intensity of allograft rejection in various models, including modifying the organ as well as dampening the host immune response through adoptive transfer of Tregs or agents that favor Treg activation and expansion (26, 53, 54) . It is not known whether ablation of class II MHC molecules on EC can impair the alloantigen-specific functions of Tregs or the overall response to such therapies, and this requires further study. Recently, a number of transplant centers have experimented with pretransplant ex vivo normothermic perfusion to reduce postoperative inflammation in the grafted organ, with notable improvements in outcomes with several systems including the kidney, lung, and liver (51, 55, 56) . It may be possible during ex vivo conditioning of the graft to further reduce its immunogenicity with the introduction of a therapeutic agent that can dampen the T cell response during this critical period. While there are many cellular and molecular targets for possible intervention, several recent studies have reported robust nanoparticle systems that can encapsulate siRNA and target human EC to deliver their payloads over an extended period of time (57, 58) . Such systems could be repurposed to transfect graft EC, as well as DCs, with anti-CIITA siRNA -as described in this report -to turn off allogeneic class II MHC molecule expression in both passenger leukocytes and graft vasculature ex vivo in preparation for transplantation. The studies reported here provide strong preclinical justification for such strategies.
Methods
Isolation of human EC. HUVEC were isolated from umbilical cords following collagenase digestion and serially cultured on 0.1% gelatin-coated tissue culture plates in M199 (Invitrogen) supplemented with 20% FBS (Invitrogen), l-glutamine (2 mM), penicillin (100 U/ml), streptomycin (100 μg/ml), 0.1% EC growth supplement (Corning Inc.), and porcine heparin (100 μg/ml; Sigma-Aldrich). HECFC were differentiated from cord blood mononuclear cells in vitro, as previously described (59) . Briefly, umbilical cord blood was anticoagulated with heparin and enriched for mononuclear cells by density centrifugation using Lymphocyte Separation Medium (MP Biomedicals). These cells were then plated onto gelatin (0.1%, Avantor Performance Materials) and human-plasma fibronectin-coated (20 μg/ml, Millipore) tissue culture plates in EGM-2M media supplemented with 10 ng/ml VEGF (Lonza). Nonadherent cells were removed by washing after 4 days. Colonies of proliferating, differentiated cells were identified at 7-10 days, at which time the media was changed to EGM-2/15% FCS for expansion. HECFC-derived EC cultures were serially propagated in gelatin-coated tissue culture flasks with EGM-2/5% FBS (Lonza). After transduction with tetracycline-inducible Cas9 lentiviral vector, cultures were maintained in EGM-2 media using tetracyclinefree FBS (Clontech).
siRNA knockdown. To silence CIITA, we used the follow siRNA sequence: 5′-GAAGUGAUCGGUGA-GAGUAUU-3′ (ON-TARGETplus; Dharmacon, GE Healthcare). A nontargeting control sequence (Dharmacon, GE Healthcare) was used as a control. siRNA (25 nM) were introduced in EC using Lipofectamine RNAiMax (Invitrogen) according to manufacturer's instructions and then, at 24 hours, stimulated with human IFN-γ for approximately 48 hours and used for mixed-EC lymphocyte reactions, qPCR, or FACS analysis.
T EM isolation. Human PBMC were collected with informed consent by leukapheresis from anonymized healthy volunteer donors under a protocol approved by the Yale Human Investigation Committee. Mononuclear cells were further enriched by density gradient centrifugation of leukapheresis products using Lymphocyte Separation Medium according to the manufacturer's protocol. Purified PBMCs were cryopreserved in 10% DMSO-90% FBS in liquid nitrogen before use. CD4 + and CD8 + T cells were isolated from PBMC using Dynabeads CD4 + and CD8 + Positive Isolation Kits (Invitrogen) per manufacturer's protocol. Naive, activated T cells, monocytes, and central memory T cells were removed by negative selection using anti-CD45RA (clone H100, eBioscience), anti-HLA-DR (clone LB3.1, a gift from J. Strominger, Harvard University, Cambridge, Massachusetts, USA), anti-CCR7 (clone G043H7, BioLegend), and anti-CD62L mAb (clone DREG-56, eBioscience) at a concentration of 10 μg/ml for 20 minutes, washed twice, and magnetically depleted using pan-mouse IgG beads (Invitrogen). The population obtained by this procedure was routinely >95% HLA-DR To analyze T lymphocytes, cells were collected after isolation or mixed EC-lymphocyte cocultures, washed in 1× PBS, and stained in FACS-staining buffer (PBS/1% BSA) with eFluor 450 fixable viability dye (eBioscience), anti-CD25 (clone BC96), PerCp-Cy5.5 anti-CD4 (clone RPA-T4), APC or PB anti-CD8 (clone SK1), PE anti-Granzyme B (clone GB11), PE or PB anti-Perforin (clone dG9,), FITC anti-CCR7 (clone G043H7), FITC anti-pSTAT5 (clone Y694), APC anti-CD62L (clone DREG56) (all from eBioscience), or PE anti-CD45RO (clone UCHL1, BioLegend). For experiments requiring intracellular staining (perforin, granzyme B, pSTAT5), cells were fixed in 2% paraformaldehyde and subsequently permeabilized (0.1% saponin/FACS buffer or BD Phosflow Perm Buffer III, BD Biosciences) before staining. Viability assay was performed according to manufacturer's instructions (eBioscience). All samples were analyzed on an LSR II flow cytometer (BD Biosciences) with postacquisition analysis using FlowJo software (FlowJo LLC).
Cytokine measurement by ELISA. Cell culture supernatants were collected from mixed EC-lymphocyte reactions at 24 hours and were assayed by sandwich ELISA for secreted human IL-2 or IFN-γ (Platinum ELISA kits, eBioscience), according to the manufacturer's instructions. CD8 + T EM were cultured at 30:1 ratio with EC to detect elaborated IL-2 and IFN-γ.
Mixed EC-lymphocyte reactions. CD4 + T EM activation by allogeneic EC requires recognition of nonself class II MHC molecules, principally HLA-DR, on the EC, which is lost on in vitro cultured cells. To reinduce EC expression of class II MHC, EC or HECFC-derived EC were typically treated with 50 ng/ml recombinant human IFN-γ (Invitrogen) for 48 hours.
For in vitro stimulation, EC were washed with HBSS, plated to confluence in gelatin-coated 24-well plates, and then 1 × 10 6 allogeneic CD8 + T EM and/or 1 × 10 6 allogeneic CD4 + T EM were added to each well in RPMI 1640 (Invitrogen), supplemented with 10% FBS (Invitrogen), l-glutamine (2 mM), penicillin (100 U/ml), and streptomycin (100 μg/ml). T cells were labeled with 250 nM CFSE (Molecular Probes, Invitrogen) prior to coculture and assessed at 7 days for CFSE dilution. In some experiments, EC were pretreated with anti-CIITA or control siRNA prior to IFN-γ treatment. Where indicated, cocultures were supplemented 25 U/ml recombinant human IL-2 (BioLegend), 1:1 dilution of CD4 + T EM conditioned medium, or 10 μg/ml of blocking anti-HLA-DRα or irrelevant isotype control were added into allogeneic cocultures. For transwell experiments, CFSE-labeled CD8 + T EM (10:1 ratio) were cultured in a transwell insert (0.4-μM pore size, Corning Inc.) above a in C-24 well monolayer of CD4 + T EM and EC (10:1 ratio) that were either pretreated with anti-CIITA or control siRNA.
For generation of conditioned medium, EC were retrovirally transduced with the extracellular domain of Fcγ receptor IIA (CD32), as previously described (60). CD32 + EC were then overlayed with 2.5 μg/ml of isotype control (Mouse IgG2 a,k , BioLegend) or anti-CD3 (clone OKT3, BioLegend) for 4 hours, washed, and then purified CD4 + T EM were added. After 24 hours, medium was collected, and excess antibody was removed by protein G-coated beads (Invitrogen) for 1 hour at 4°C on continuous shaking and then frozen for subsequent use or analysis by ELISA. In some experiments, IL-2 was immunoabsorbed from the activated CD4
+ T EM conditioned with 20 μg/ml anti-IL-2 (clone AB12-3G4, eBioscience) and subsequently immunoabsorbed with protein G beads, resulting in specific depletion of IL-2 below limits detectable by ELISA.
For cytotoxicity assays, EC were plated onto C-96 U-well microtiter plates (Corning) and after 24 hours, approximately 200 × 10 3 allogeneic CD8 + T EM were added to each well. At 72 hours, RPMI medium, activated CD4 + T EM conditioned medium, activated CD4 + T EM conditioned medium depleted of IL-2, control conditioned medium, or control conditioned medium with 25 U/ml IL-2 (eBioscience) were added at 1:1 dilution to the wells. At 7 days, CD8 + T EM were collected and restimulated with fresh EC containing 1:1 medium conditions. Approximately 72 hours after replating, additional medium conditions were added. At 14 days, cells were collected, purified by CD8 + isolation, and assayed by FACS or for cytotoxicity as described previously (20, 61) . Briefly, target EC were preloaded with 500 nM calcein AM (Molecular Probes, Invitrogen) and CD8 + T EM were added in AIMV medium supplemented 10 mM HEPES (Invitrogen) at a 30:1 ratio and assayed for calcein release on a fluorescent plate reader (BioTek) in bottom reading mode at 37°C for 4 hours. The percentage of cytotoxicity was defined as (live -experimental)/(live -lysed) × 100, where live is the values of calcein-loaded EC without CTL, experimental is with CTL, and lysed is lysed with 1% Triton-X 100 (Sigma-Aldrich).
Arterial transplantation. Arterial transplantation was performed as previously described (23) . In brief, 1-to 3-mm segments of diameter-matched human epicardial coronary arteries harvested from explanted human hearts of organ donors or recipients were interposed into the infrarenal aortae of female C.B-17 SCID/bg mice (Taconic Biosciences) by end-to-end microsurgical anastomotic technique. Adjacent human artery segments were transplanted in groups of 2-5 mice for each experiment, and data from individual experiments were pooled for analysis. Approximately 2-7 days after transplantation, 2 × 10 8 human PBMC allogeneic to the artery graft were adoptively transferred into mice i.p. As previously described, only T and B lymphocytes are successfully engrafted by this procedure, and only T cells appear in the circulation (23) . Successful engraftment, achieved in all mice in this study, was defined as detection by flow cytometry of a distinct population of human CD3 + cells, ranging from 0.5%-10% of the total circulating mononuclear cells. In vivo HLA-DR blockade. For HLA-DR blockade experiments, we observed that injection of intact blocking HLA-DR antibodies depleted mice of circulating human T cells. To overcome this problem, we prepared F(ab)′2 fragments from this antibody using a F(ab)′ 2 preparation kit (Thermo Scientific) per manufacturer's instructions. Mice bearing human artery grafts were injected s.c. with 200 μg loading and 100 μg every 48 hours maintenance doses of anti-HLA-DRα (clone LB3.1) or with irrelevant IgG control (Jackson ImmunoResearch Laboratories Inc.) starting on the day before allogeneic PBMC transfer. After 21 days of treatment, animals were anesthetized and human arterial grafts were perfused with normal saline and excised before death. Arterial grafts were snap frozen in optimum cutting temperature compound (OCT compound), and serial 5-μm transverse sections were cut for morphometric, immunofluorescence, and qPCR analyses.
CRISPR/Cas9-mediated ablation of CIITA in EC. CIITA null HECFC-derived ECs were generated as previously described (38) . Briefly, early-passage HECFC were transduced with lentiviral constructs encoding doxycycline-inducible Cas9 and CIITA specific guide sequence (GATATTGGCATAAGCCTCCC). After 48 hours, cells were drug selected and Cas9 expression was induced with doxycycline and blasticidine treatment for 7 days and then stimulated with 50 ng/ml IFN-γ. CIITA loss-of-function EC were identified by FACS gated on HLA-DR -cells, isolated using a 100-μm low-pressure nozzle on BD FACSAria II, then expanded and used for qPCR, in vitro mixed EC-lymphocyte reactions, and formation of synthetic vessels.
Synthetic microvessel formation and transplantation. Human microvessels were generated and implanted s.c. in the abdominal wall of female 6-to 8-week-old C.B-17 SCID/bg mice as previously described (59) . Briefly, HECFC-derived EC were suspended in a rat tail type I collagen gel, and 400 μl of cell suspension was gently poured into a single well of a 48-well tissue culture plate. The protein gel was polymerized at 37°C/5% CO 2 and then implanted. Each mouse received a single implant containing either unmodified EC or CRISPR/ Cas9-modified CIITA null EC. Approximately 14 days after implantation, WT or CIITA null gel implanted mice were distributed into three groups categorized by inoculation: no PBMC (PBS), PBMC, or with PBMC depleted of CD8 + cells. In the PBMC group, approximately 2 × 10 8 human PBMC allogeneic to the EC graft were adoptively transferred into mice i.p. In the CD8 + -depletion group, 2 × 10 8 human PBMC were depleted of CD8 + with Dynabeads CD8 + beads and then adoptively transferred. Approximately 10 days after inoculation, animals were euthanized and grafts were harvested for analysis of human microvasculature. Gels and surrounding soft tissues were fixed in 10% neutral buffered formalin and embedded in paraffin, and 5-μm thick sections were cut for H&E staining or immunostaining for human CD31 (BioGenex). Vessel number was quantified by number of perfused vessels (containing murine erythrocytes) normalized to gel area, and only vascularized implants were included for analysis. Previous experience with the collagen implant model indicated that n = 3-5 per group are needed to obtain statistical significance (40) .
Histology and immunofluorescence. Cross sections (5-μm) of artery grafts were stained with Elastica van Gieson (EVG) as well as H&E and used to quantify the luminal and intimal areas using ImageJ (NIH) for morphometry. The intimal area was defined as bound by internal elastic lamina and the lumen. The EC lining of grafts were identified by Rhodamine ulex europaeus agglutinin 1 (Vector Laboratories) and/or CD31 expression, which yielded equivalent results, and quantified by tracing the circumference of lumen using ImageJ. Graft-infiltrating human lymphocytes were quantified by staining for human CD45RO + (BD Biosciences) or CD3 + (Dako), which yielded equivalent results, by indirect immunofluorescence (donkey anti-rabbit or donkey anti-mouse AlexaFluor-594, Invitrogen). The numbers of intimal CD45RO
+ were counted in two cross sections per graft. All sections were mounted on slides using mounting medium (ProLong Gold, Invitrogen) and examined by microscopy with an Axiovert 200M microscope (Zeiss).
qPCR analysis. RNA from cultured EC was isolated using RNeasy Mini Kit (QIAGEN) and used to make cDNA with the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems) per manufacturer's protocols. To isolate RNA from artery grafts, serial sections of flash-frozen artery were immersed briefly in water, centrifuged, and resuspended in RLT lysis buffer and then isolated by RNeasy kit.
qPCR reactions were assembled with TaqMan 2× Gene Expression Master Mix (Applied Biosystems) and predeveloped Taqman gene expression probes and analyzed on a CFX96 Real-Time system using CFX Manager Software (Bio-Rad). Probes used in this study: GAPDH (Hs02758991_g1), HPRT1 (Hs02800695_m1), CIITA (Hs00172094_m1), HLA-DRA (Hs00219575_m1), HLA-DPA1 (Hs01072899_ m1), HLA-DPB1 (Hs03045105_m1), HLA-DQA1 (Hs03007426_mH), HLA-DQB1 (Hs03054971_m1), CD3e (Hs01062241_m1), CD4 (Hs01058407_m1), CD8 (Hs00233520_m1), PRF1 (Hs00169473_m1), GZMB (Hs00188051_m1), CXCL10 (Hs01124251_g1), IFN-γ (Hs00989291_m1), and IL-2 (Hs00174114_ m1), all from Applied Biosystems. Gene expression levels were normalized to GAPDH, HPRT, CD3e, or CD8 where indicated.
Statistics. All data are expressed as mean ± SD. Statistical comparisons were made using Student's t test (2-tailed) or 1-way ANOVA with Bonferroni post-hoc test. P values less than 0.05 was considered statistically significant. All results were analyzed with Prism v6.0 (GraphPad).
Study approval. All human cells (cord blood, PBMC), tissues (umbilical cords), and vessels were obtained with informed consent under protocols approved by the Yale Human Investigation Committee and the New England Organ Bank. All animal protocols were approved by the Yale Institutional Animal Care and Use Committee.
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